C ontrol o f A ggregation and T uning o f th e L ocation o f P orp hyrin s in S y n th etic M em branes as M im ics for C ytochrom e P450
T h e a g g re g a tio n a n d lo ca tio n of tw o s e rie s of te tra a ry lp o rp h y r in s in p o sitiv e ly a n d n e g a tiv e ly c h arg e d b ila y e rs h a v e b e e n e x am in ed . A g g re g atio n of th e p o rp h y rin s c a n b e re d u ce d b y in tro d u c in g p y rid in iu m g ro u p s o n th e p o rp h y rin rin g . In th e p o sitiv e ly c h arg e d b ilay ers, th e d egree of a g g re g a tio n of th e p o rp h y rin s in c re a s e s w ith th e n u m b e r of c h a rg e s on it. T h e opposite b e h a v io r is fo u n d in th e c ase of n e g a tiv e ly c h a rg e d b ila y e rs. A ll th e c h a rg e d p o rp h y rin s form face to face ty p e a g g re g a te s w h e re a s th e u n c h a rg e d o n e s form edge to edge ty p e a g g re g a te s. R e d u ctio n of a g g re g a tio n can also b e a ch iev e d by u s in g "p icketfe n ce " ty p e p o rp h y rin s w h ic h fo rm h e a d to ta il a g g re g a te s. T h e location of th e p o rp h y rin s in th e b ila y e r is a lso in v e s tig a te d . T h e c h a rg e d p o rp h y rin s a r e lo ca ted n e a r th e a q u eo u s in te rfa c e a n d th e u n c h a rg e d o n e s in th e hydro p h o b ic p a r t of th e b ila y e r. P ick et-fen ce p o rp h y rin 7 w a s fo u n d to be th e m o st p ro m isin g c a n d id a te for b e in g s tu d ie d a s a c a ta ly s t in cy tochrom e P 4 5 0 m im ics. I n t r o d u c t i o n P o r p h y r i n s p la y a n i m p o r t a n t ro le i n b io lo g ic a l p r o c e s s e s , e.g., s u b s t r a t e o x id a tio n r e a c ti o n s a n d c o n v e rs io n o f l i g h t e n e r g y in to c h e m ic a l e n e r g y . 12 in d in g a n d s u b s e q u e n t a c t i v a t io n . 1 I n t h e d e v e lo p m e n t o f a m e m b r a n e -b o u n d m im ic fo r t h i s e n z y m e , i t is i m p o r t a n t to e v a l u a t e t h e a g g r e g a tio n p r o p e r t i e s a n d t h e lo c a tio n o f p o r p h y r i n s w i t h in m e m b r a n e s . I t h a s b e e n fo u n d p re v io u s ly t h a t a g g r e g a tio n c a n r e d u c e t h e c a ta ly tic e ffic ie n c y o f a p o r p h y r in , w h ile i t s lo c a tio n i n t h e m e m b r a n e c a n d e te r m i n e i t s s e l e c ti v i ty .5,6 W e a r e u s i n g tw o s t r a t e g i e s to p r e v e n t p o r p h y r i n s fro m a g g r e g a ti n g i n o u r m e m b r a n e T h e lo c a tio n w i t h in th e m e m b r a n e c a n b e t u n e d b y u s in g c h a r g e d a n d u n c h a r g e d p o r p h y r i n s a s w e h a v e s h o w n e ls e w h e r e .8 C h a r g e d p o r p h y r in s a r e p r e f e r e n tia lly b o u n d n e a r t h e s u r f a c e o f t h e b ila y e r, w h e r e a s u n c h a r g e d o n e s a r e lo c a te d i n t h e c e n t e r o f t h e b ila y e r. ® A bstract published in Advance A C S Abstracts, F ebruary 15, 1996.
( n74^_74G^/Qfi/9A1 9.1 =579*1 9 DD/D < © 1 QQ£ AmoHrsn rhomirol a re s = singlet, d = doublet, t = trip le t, m = m u ltiplet, a n d b = broad. In frared a n d UV-vis spectra w ere obtained w ith a Perkin-E lm er 298 a n d a th e rm o sta te d P erk in -E lm er L am bda 5 spectrophotom eter, respectively. Fluorescence sp e c tra w ere m easured w ith a th erm o sta te d P erkin-E lm er M PF 4 fluorospectrom eter. T ransm ission electron microscopy w as carried out w ith a P hilips EM 201 m icroscope. E PR sp e c tra w ere recorded on a B ru k e r E S P 300 spectrom eter, equipped w ith a Oxford flow cryostat. M a ter ia ls. For th e p re p a ra tio n of th e vesicles absolute ethanol, distilled tetrahydrofuran, a n d deionized w ater were used. DODAC w as p re p are d from DODAB (Af.AT-dioctadecyl-AWdim ethylam m onium bromide) by ion exchange chrom atography .8 D H P, tris(hydroxym ethyl)am inom ethane (Tris), 4-pyridinecarbaldehyde, m ethyltosylate, a n d pyrrole w ere pu rch ased from Aldrich. Pyrrole w as freshly d istilled before use. T hin-layer chrom atography (TLC) w as perform ed on precoated F-254 p lates a n d colum n ch rom atography u sin g basic alu m in a a n d silica 60H (from Merck). 5.10.15.20-T etraphenylporphyrin (6 ), 5,10,15,20-tetrakis(2,6dichlorophenyl)porphyrin (7), a n d 5,10,15,20-tetrakis(2,6-dihydroxyphenyl) p orphyrin (8) w ere p re p are d according to lite ra tu re p rocedures. 15-17 4-(Hexadecyloxy)benzaldehyde w as p rep ared a s described in th e lite r a tu re . 18 S y n th e s is o f P o r p h y r in s 1 -5 . F reshly distilled pyrrole (4 m L, 57 mmol) w as slowly added u n d e r stirrin g to a solution of 4-(hexadecyloxy)benzaldehyde (5.1 g, 14 mmol) a n d 4-pyridinecarbaldehyde (4.5 m L, 42 mmol) in 240 m L of refluxing propionic acid. R efluxing w as continued for 2 h, w h e rea fter th e propionic acid w as evaporated, a n d th e re su ltin g solid w as adsorbed on alu m in a. A m ix tu re of p orphyrins w as isolated by flash chro m ato g rap h y (alum ina, e lu e n t C H C I3 ). W ith sub seq u en t colum n chrom atography (silica, e lu e n t CHCij/M eOH, 99.5/0.5) six frac tions w ere obtain ed w hich could be identified as 5,10,15,20(4-(hexadecyloxy)phenyl)porphyrin (1) (/v ( U V -v is (CH2CI2) 1/nm , 419, 516, 552, 591, 648. 0.88 (t, 6 H, CH3, J = 6.42 Hz), -2 .8 1 (s, 2H, NH). U V -v is (CH2-Cl2) A/nm, 420, 516, 552, 591, 647.
.1 0 .1 .2 0 -T e t r a k is ( 4 -( h e x a d e c y lo x y ) p h e n y l ) p o r p h y r in (1). Yield

,1 0 B is (4 p y r id y l)1 ,2 0 -b is (4 -(h e x a d e c y lo x y )p h e n y l)p o r p h y r in . Yield
5.10.15-T ris(4-pyrid yl)-20-(4-(hexadecyloxy)p henyl)porp h y r in .
Yield: 300 m g (2.5%). 'H-NMR (90 MHz, CDC13) <5: 9.2 (m, 6 H, pyridyl, 2H, /3-pyrrole), 9.0 (s, 6 
-(l-M e th y l-4 -p y r id y l)-1 0 ,1 ,2 0 -tr is(4 -(h e x a d e c y lo x y )p h e n y l)p o r p h y r in M o n o to sy la te (2)
. U nder a nitrogen atm osphere, 100 m g of 5-(4-pyridyl)-10,15,20-tris(4-(hexadecyloxy)phenyl)porphyrin a n d 0.1 m L of m eth y l tosylate were dissolved in 10 m L of a m ix tu re of to luene/acetonitrile (2/1, v/v). T he reaction m ix tu re w as s tirre d a t 80 °C for 16 h. A fter cooling to room tem p e ra tu re, th e reaction m ix tu re w as poured over a glass filter filled w ith silica. A fter w ashing w ith 50 m L of CH 2-CI2, com pound 2 w as isolated by elution w ith CHCij/M eOH, (9/1, v/v). Yield: 70 m g (61%) of 2 a s a pu rp le powder. 'H-NMR (90 MHz, CDCI3) <5: 9.5 (b, 2H, pyridyl), 8 .8 
, 522 (4.5), 568 (4.5), 584 (4.4), 657 (4.2).
5,10-B is(l-m ethyl-4-pyrid yl)-15,20-bis(4-(hexadecyIoxy)p h e n y l)p o r p h y r in d ito s y la te (3)
. T his porphyrin w as syn th esized s ta rtin g from 5,10-bis(4-pyridyl)-15,20-bis(4-(hexadecyloxy)phenyl)porphyrin, as described for 2 , except th a t in th is case 0. -7) . 5,10,15,20-Tetra(2,6-dichlorophenyl)porphyrin (120 mg, 0.14 mmol) a n d 120 m g (0.55 mmol) of C u(0 Ac)2-2 H 2 0 w ere dissolved in 25 mL of DMF a n d refluxed u n til a ll free-base p o rp h y rin w as consum ed (2.5 h, followed by UV-vis). A fter cooling to room te m p e ra tu re th e reaction m ix tu re w as poured into w a te r a n d ex tra cte d w ith 30 m L of C H 2CI2. T he organic layer w as w ash ed tw ice w ith 50 m L of 5 w t % aqueous sodium carb o n a te solution. T he organic layer w as d ried (Na2SO.i), con cen trated in vacuo, a n d subjected to colum n chrom atography For th e visualization of th e vesicles th e n egative sta in in g m ethod w as used. A droplet of a sam ple w as placed on a carbon coated copper grid. The g rid s w ere first m ade hydrophilic by exposure to a n argon p lasm a for 2 m in. A fter allowing to adsorb on th e g rids for 2 m in, th e solution w as d ra in e d w ith filter p a p er a n d th e sam ples w ere sta in e d w ith an aqueous u ra n y l a ce ta te solution (1 w t %) w hich w as rem oved a fte r 1 m in. 
If we assu m e th a t only m onom eric porphyrins display fluores cence, we can w rite:
[M] = X VF (7) w here F is th e fluorescence in te n sity a n d W is th e in stru m e n t factor. T his factor only depends upon th e te m p e ra tu re a n d th e in stru m e n t used b u t is constant during a series of m easurem ents. If we com bine eqs 5, 6 , a n d 7, we can w rite
[p o rp h y rin ] b ila y e r = '¡ ' F + nKs['VF]n
T his re la tio n enables us to determ in e th e aggregation num ber a n d th e association c o n stan t from o ur fluorescence d ata. F e a n be su b s titu te d by F/aR in form ula 8 . T his su b stitu tio n of F e nables com parison of th e d ata, since th is corrected fluorescence in te n sity is now re la te d to th e sam e volum e of th e bilayer. For th e m olar volum e of both DODAC a n d D H P a concentration of 1.1 L/mol w as ta k e n .8 E P R M ea su r em e n ts. Vesicle dispersions (5 mL) of DH P or DODAC (5 mM) containing C u-7 (125 nM) w ere p rep ared by th e m odified e thanol injection m ethod. T hese dispersions w ere dried on a M ylar film in a desiccator over sodium hydroxide or phosphorus pentoxide. T he re su ltin g film s w ere carefully cut into 3x15 m m strips. Approxim ately 15 to 25 strip s w ere stacked on a q u a rtz rod a n d fixed w ith Sellotape. T his rod w as subseq u en tly placed in th e E PR spectrom eter. T he angle could be se t by a goniom eter. la 8 a n d to g e t v a lu e s fo r t h e e q u ilib r iu m c o n s t a n t s a n d t h e a g g r e g a tio n n u m b e r s . T h e r e s u l ts a r e lis te d i n T a b le 2. T h e e s t i m a te d e r r o r s in t h e a g g r e g a tio n n u m b e r s a n d t h e a s s o c ia tio n c o n s t a n t a r e 1 0% -50% . transition tem perature of th e vesicles. Linear S tern-Volmer plots were obtained up to a quencher concentration of 10% of the amphiphile concentration. The obtained S tern -Volmer constants are given in Table 3 . These constants are not corrected for partition of the quencher between the aqueous phase and the vesicle phase nor for the possibilities th a t vesicle fusion occurs or th a t osmotic effects induced by the quenchers take place.28 O rientation. The orientation of the porphyrins in the DHP and DODAC bilayers was investigated by EPR spectroscopy using the copper (I I) derivate of porphyrin 7 as the model compound. Aligned bilayers were obtained by allowing a vesicular solution of Cu-7 to dry on a flat support, i.e., Mylar.23 These so-called "cast bilayers" are regulary stacked with the porphyrin planes parallel to the surface. The square planar porphyrin ligand around the copper(II) nucleus gives rise to a strong anisotropy of both the g-tensors and the ACu tensors. Incorporation in oriented bilayers and subsequent m easurem ents of EPR spectra a t various angles between th e bilayer and the magnetic field gives information about the orientation of the porphyrin.24'25 The orientation-dependent EPR spec tra (Figure 3) were measured a t angles of a = 0° and a = 90° (a is the angle between the bilayer normal and the magnetic field). In order to describe this orientation, a coordinate system was defined as discussed previously.8 At a = 0°, a spectrum with four lines (4iCu = 210 G, gen = 2.201 = gh and at a = 90° a spectrum with one line (gen = 2.061 = g±) was measured. The EPR spectrum of Cu-7 in a frozen CHCI3 glass was also recorded (g± = 2.066, g\ = 2.191 and yl||Cu/G = 207, Al was not resolved). This powder spectrum did not reveal any nitrogen hyperfine splitting which can be attributed to dipolar broadening, a phenomenon th a t can occur when two copper nuclei are as far ap art as 20 A. [26] [27] 
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T ab le 2. A ggregation D ata for P o rp h y rin s in DODAC and D H P B ila y ers
D iscu ssion
Our incorporation experiments show th at all porphyrins can successfully be incorporated in both DODAC and DHP vesicles, except 5 which cannot be anchored to DODAC vesicles. This latter behavior can be attributed to the fact th at the four positively charged pyridyl groups of 5 prefer to be located in w ater rather than in the hydrophobic bilayer. In the case of DHP, this positively charged porphyrin probably is strongly adsorbed to the negatively charged surface of the vesicles. The m easured diam eter of 4000 A is typical for vesicles prepared by the injection method and this diam eter rem ains unaffected after incorporation of the porphyrins.14 At high amphiphile/porphyrin ratios (R), the porphyrins are not aggregated in the bilayers, as can be concluded from the fact th a t the fluorescence of these molecules is not quenched under these conditions (Figures 1 and 2) . In the charged porphyrins series (1-5), going to low R values, aggregation is reduced if one or more charged pyridyl groups are introduced (see Table 2 , aggregation numbers and association constants for 1 versus 2-5). The self-quenching curves of the positively charged porphyrins show th a t in DODAC vesicles aggregation increases when the number of charges on the porphyrin unit becomes larger. This contrasts with the behavior of these por phyrins in DHP vesicles. In the latter negatively charged systems the aggregation decreases when going from porphyrin 2 to 5. This trend is, however, less pronounced than the increase in aggregation observed for DODAC vesicles. These observations are in line with the am phiphile/porphyrin ratios (R) where F0/F = 2 (Table 2) . These ratios {Rj rem ain almost the same in DHP vesicles but increase in the case of DODAC vesicles when going from porphyrin 2 to 5. The behavior of the charged porphyrins in DHP vesicles can be explained in term s of electrostatic interactions between the porphyrins and the lipids. For this reason, the porphyrin with the greatest number of charged pyridyl groups is expected to have the lowest association constant, as borne out by the results (Table 2 ). In the case of DODAC vesicles electrostatic interactions play a less pronounced role and other factors become im portant. In these vesicles the aggregation increases when the num ber of tails decreases. Langmuir-Blodgett films formed by our amphiphilic porphyrins also show such behavior. 28 In these monolayers the organiza tion of the porphyrins is largely determined by the balance between jr-n interactions, the interaction of the hydro philic head groups w ith the aqueous surface, and the sterical repulsion between the hydrocarbon chains. These factors apparently also play a role in our systems.
The absorption spectra of the porphyrins change when the ratio between porphyrin and amphiphile is varied. These changes can be interpreted by the exciton model developed by Kasha.21 This theory predicts in a qualitative way the interactions between localized transition dipole moments. These interactions can cause a splitting of absorption bands. For an aggregate, the transition energy (£) is related to the energy of the monomer (-Emonomer) according to the following equation:
where D is the dispersion energy and e is the exciton splitting. For TVcofacially arranged chromophores, e is related to the transition dipole moment (M), the center to center distance of these chromophores (R) and the angle a between the center to center vector and the transition moment One of the two transitions is symmetry forbidden which usually results in only one absorption band. In porphyrins, however, the excited state is 2-fold degenerated with two dipole moments aligned a t an angle of 90° along the axis through the pyrrole nitrogens a t opposite positions in the porphyrin molecule. The absorption spectra of the por phyrins can therefore be explained in term s of the displacem ent of the molecules in aggregates along these axes (Figure 4) . Porphyrin 1 displays the same behavior in DHP and DODAC vesicles.8 The splitting of its B band suggests th a t edge to edge type aggregates are formed. The charged porphyrins show small blue shifts of the B band upon aggregation in DODAC vesicles, which indi cates th a t "face to face" aggregates are present. This m eans th a t electrostatic repulsion between the positively charged porphyrins plays a less im portant role in the aggregate. The B band becomes red shifted upon going from DODAC to DHP vesicles. This suggests an elec trostatic interaction between the cationic porphyrins and the anionic DHP am phiphiles.12
The "picket-fence" porphyrins were only studied in DODAC vesicles. The aggregation of these molecules increases in the order 7 > 9 > 8 > 6, which implies th at the substituents on the "picket-fence" porphyrins reduce aggregation. Acylation of 8 to give porphyrin 9 results in a decrease in aggregation number. The presence of interm olecular hydrogen bonds (see below) can be an explanation for the fact th a t 8 aggregates more strongly th an 9. Porphyrin 7 results in a decrease in aggregation number. The presence of interm olecular hydrogen bonds (see below) can be an explanation for the fact th at 8 aggregates more strongly th a n 9. Porphyrin 7 was found to have the lowest aggregation num ber (R = 120 where F JF = 2) of all nine porphyrins. All "picket-fence" porphyrins showed a red shift of the B band with decreasing amphiphile/porphyrin ratio (R), which accord ing to the exciton theory suggests th a t "head to tail" type aggregates are formed. For sterical reasons the porphy rins probably cannot form face to face type aggregates. The red shift is the largest for 7 which indicates th at the porphyrin molecules in this aggregate have a strong interaction energy.
The S tern-Volmer quenching constants m easured for our porphyrins show th at the location of these molecules in the bilayers depends on the nature of the substituents on the porphyrin rings. The general trend is th a t the porphyrins move to a region in the bilayer th a t is compatible with their polarity. The charged porphyrins are located near the interface (highest S tern-Volmer quenching constant) whereas the porphyrins without hydrophilic substituents are situated more in the inner part of the bilayer. The location of the latte r porphyrins probably is between the bilayer center and the interface, as can be concluded from the fact th a t the absorption maximum of the B band of porphyrin 1 in the bilayers is almost the same as th a t in a solvent of interm ediate polarity, i.e., dichloromethane (Table 1, footnote b). Similar effects were also found in the case of the other uncharged porphyrins. The negative S tern -Volmer constant measured for 8 can be explained in terms of the presence of hydrogen bonds which results in the formation of nonfluorescent aggregates. In methanol, 8 is not aggregated and a normal S tem -Volmer constant is found. In chloroform intermolecular hydrogen bonds between the porphyrins are possible and aggregates are present. Upon the addition of iodide ions these interactions break down resulting in an increase in fluorescence. This effect is probably stronger th a n the quenching. The negative quenching value in DODAC vesicles can be caused by the same behavior as found in chloroform. The strong effect of iodide on the fluorescence of 8 suggests th a t this porphyrin is located near the interface.
Porphyrin 7 gives typical EPR spectra for a porphyrin with a orientation perpendicular to the bilayer normal. It is interesting th a t for DHP and DODAC amphiphiles welldefined bilayers could be obtained in contrast with earlier findings.8 The orientation of porphyrin 7 in DODAC is different from th a t found for porphyrin 6 (a = 30°). An explanation for this result can be th a t 6 (R = 200; 85% aggregated, if= l x 10H) aggregates more strongly than 7 (R = 200; <40% aggregated, K = 6.5 x 103). So for 6 the orientation of a porphyrin aggregate is measured, w hereas in the case of 7 it is for a porphyrin monomer.
Considering the aggregation and location properties, porphyrin 7 is probably the most promising candidate to study as a catalyst in cytochrome P450 mimics. This porphyrin could give the highest catalytic efficiency because the aggregation of this porphyrin in the bilayer is strongly reduced, due to the ortho substituents on the phenyl ring. The location of 7 in the hydrophobic part of the bilayer is analogous to the environment of the catalytic center found in the natural system. 
